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Quantum confinement profoundly affects the properties and interactions of electrons, holes, and excitons in
nanomaterials. We apply first-principles calculations to study the effects of extreme quantum confinement
on the electronic, excitonic, and radiative properties of atomically thin GaN quantum wells with a thickness
of 1 to 4 atomic monolayers embedded in AlN. We determine the quasiparticle band gaps, exciton energies
and wave functions, radiative lifetimes, and Mott critical densities as a function of well and barrier thickness.
Our results show that quantum confinement in GaN monolayers increases the band gap up to 5.44 eV and
the exciton binding energy up 215 meV, indicating the thermal stability of excitons at room temperature.
Exciton radiative lifetimes range from 1 to 3 nanoseconds at room temperature, while the Mott critical density
for exciton dissociation is approximately 1013 cm−2. The luminescence is transverse-electric polarized, which
facilitates light extraction from c-plane heterostructures. We also introduce a simple approximate model
for calculating the exciton radiative lifetime based on the free-carrier bimolecular radiative recombination
coefficient and the exciton radius, which agrees well with our results obtained with the Bethe-Salpeter equation
predictions. Our results demonstrate that atomically thin GaN quantum wells exhibit stable excitons at
room temperature for potential applications in efficient light emitters in the deep ultraviolet, as well as
room-temperature excitonic devices.
The group-III-nitrides are established materials for
solid-state lighting and high-power electronics. Recently,
attention has focused on AlGaN alloys for light emis-
sion in the deep ultraviolet (UV) for applications in
germicidal sterilization, water purification, gas sensing,
and UV curing.1 However, several challenges relating to
p-type doping2 and light extraction need to be over-
come to increase the efficiency of AlGaN-based UV light-
emitting diodes (LEDs). An alternative approach for
deep UV emission utilizes atomically thin binary GaN
quantum wells (QWs)3,4 with potentially improved light
emission and extraction efficiencies. Both theory5 and
experiment6–8 have demonstrated that the strong quan-
tum confinement in atomically thin GaN shifts the emis-
sion wavelength into the deep-UV range, and several
groups have reported efficient deep-UV light emission9–11
with transverse electric (TE) polarization9,12,13 in LEDs
with atomically thin GaN or AlGaN QWs. Such atomi-
cally thin semiconductors resemble two-dimensional ma-
terials such as graphene and transition-metal dichalco-
genides, which have recently risen to prominence for po-
tential applications in atomically thin electronics and
quantum devices. Atomically thin nitrides are therefore a
promising approach to realize the novel functional prop-
erties discovered in two-dimensional material on an es-
tablished semiconductor platform.
In this work, we employ density functional and many-
body perturbation theory to investigate the fundamental
electronic, excitonic, and radiative properties of atomi-
cally thin GaN QWs in AlN barriers. We demonstrate
a)Electronic mail: kioup@umich.edu
that these heterostructures have band gaps in the deep
UV and emit TE ( ~E ⊥ c) polarized light (similar to bulk
GaN) for higher light-extraction efficiency compared to
AlGaN. The strong Coulomb interaction in the atomi-
cally thin regime stabilizes excitons at room temperature
and results in shorter radiative lifetimes than free-carrier
recombination. Our results demonstrate the advantages
of atomically thin QWs for efficient light emission and
the realization of room-temperature excitonic devices on
an established semiconductor platform.
Our first-principles methodology is based on density
functional theory and many-body perturbation theory,
which accurately predict electronic, excitonic, and opti-
cal properties of materials.14 We calculated the electronic
band structures with the GW method and excitonic prop-
erties with the Bethe-Salpeter equation (BSE) method
using the Quantum ESPRESSO,15 BerkeleyGW,16 and
Wannier9017 codes (computational details in Ref. 5). We
determined the bimolecular radiative recombination co-
efficients of free carriers using the method of Kioupakis et
al,18,19 and the radiative lifetimes of excitons from BSE
calculations using the method of Palummo et al.20
We investigated atomically thin GaN QWs between 1
monolayer (ML) and 4 MLs thick separated by AlN barri-
ers between 1 ML and 9 MLs thick. To simulate pseudo-
morphic growth on AlN, the basal plane lattice constant
was fixed to that of bulk AlN (0.3112 nm)21 while relax-
ing the atom positions and c-axis length. A representa-
tive subset of these structures is shown in Fig. 1, along
with the plane-averaged electron and hole wave functions.
Our calculated electronic band gaps and optical gaps
(i.e., lowest singlet exciton energies) are shown in Fig. 2a
and listed in Table I. The full band structures for the 1-4
ML simulated structures with the thickest barriers are
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FIG. 1. (Color online) Crystal structures, band diagrams,
and carrier wave functions for a series of atomically thin GaN
QWs in AlN barriers with well thickness ranging from 1 ML
(top) to 4 MLs (bottom). The wave functions of electrons at
the minimum conduction (blue) and holes at the top valence
(red) bands at Γ reveal strong carrier localization within the
GaN well (yellow cations). The spatial overlap of the carrier
wave functions decreases with increasing well thickness due to
the strong electrical polarization perpendicular to the layers
and modulates the carrier recombination properties.
provided in the supplementary material. The band gap
is direct at Γ and corresponds to electron and hole states
localized in the GaN QW (Fig. 1). The gap increases
to higher values than bulk GaN (3.4 eV) due to quan-
tum confinement in the atomically thin wells rather than
alloying with AlN. Moreover, the valence-band struc-
ture is GaN-like, i.e., the top two valence bands are the
heavy and light hole bands, while the crystal-field band is
shifted lower in energy by confinement due to its lower ef-
fective mass along the c-axis direction. This valence-band
ordering ensures that the emitted light is TE-polarized,
which enables higher photon extraction efficiency in c-
plane LEDs, as also reported experimentally.9,22 For 1
ML and 2 ML GaN QWs the band gap increases with
increasing barrier thickness up to values of 5.44 eV and
4.69 eV, respectively, in excellent agreement with exper-
imental results.5 For 3 ML and 4 ML GaN QWs with
more than 3 MLs AlN barrier, the gap decreases with
increasing barrier thickness due to the quantum-confined
Stark effect (QCSE): thicker wells and thicker barriers
increase the polarization field in the QW and further
spatially separate electrons and holes along the potential
gradient (Fig. 1). The QCSE simultaneously reduces the
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FIG. 2. (Color online) (a) Band gap (dashed lines), opti-
cal gap (i.e., lowest singlet exciton energy, solid lines), and
(b) lowest singlet exciton binding energy of atomically thin
GaN QWs in AlN barriers as a function of the well and bar-
rier thickness. The luminescence energy for these structures
ranges from 3.8 to 5.5 eV, while the exciton binding energy
ranges from 83 to 215 meV.
band gap and electron-hole wave function overlap. The
electron-hole overlap integral, |F |2 = [∫ ψe(z)ψh(z)dz]2,
where ψe(z) and ψh(z) are the plane-averaged electron
and hole envelope functions, respectively, decreases from
0.88 to 0.55 as QW thickness increases from 1 to 4 MLs
(Table I). Note the QCSE has little influence on the 1
ML and 2 ML QWs, since the extreme confinement in
atomically thin wells prevents electrons and holes from
spatially separating.
We also determined the exciton binding energy from
the difference between the calculated band gap and low-
est singlet exciton energy (Fig. 2b and Table I). The
binding energy increases with decreasing QW thickness
or increasing barrier thickness due to the strong con-
finement of electrons and holes in thinner wells or by
thicker barriers. The most confining structure with a 1
ML GaN QW and 9 ML AlN barrier exhibits an exciton
binding energy of 215 meV, which exceeds the binding
energy of bulk GaN (20 meV)23 and the thermal energy
(kbT , where kb is Boltzmann’s constant) at room tem-
perature (26 meV) by approximately one order of mag-
nitude. Such large exciton binding energies have also
been estimated with model calculations.24 The binding
energy of these strongly confined excitons also exceeds
the value (4 times the bulk binding energy) determined
by Bastard et al. in the two-dimensional limit.25 One
reason for the discrepancy is that the analysis by Bas-
tard et al. assumes the same dielectric constant both
for the wells and the barriers. However, the dielectric
constant of AlN is smaller than GaN due to its wider
gap, which reduces the screening of the Coulomb attrac-
tion between electrons and holes, and strengthens their
binding. Another reason is the reduced screening by ions
3in the two-dimensional limit. Exciton binding energies
in bulk semiconductors such as GaN are of the order
of 10 meV and are affected by ionic screening of the
Coulomb interaction: polar phonons in materials with
light elements such as oxides and nitrides have frequen-
cies on the order of 100 meV (92 meV for GaN26), thus
ions can move fast enough to screen the Coulomb at-
traction between electrons and holes. This is also the
case for SnO2, in which the calculated exciton binding
energies are in much better agreement with experiment
if the static dielectric constants are employed (which ac-
count for both electronic and ionic screening) rather than
the high-frequency values (electronic screening only).27
In atomically thin GaN, however, the characteristic en-
ergy of excitons (215 meV) is higher than the phonon
frequencies and thus the Coulomb attraction is primarily
screened by other electrons only. Both of these factors
amplify the electron-hole Coulomb attraction in atomi-
cally thin GaN QWs, which stabilize excitons at room
temperature and may lead to the formation of higher or-
der quasiparticles such as unconventional biexcitons28 on
an established semiconductor platform.
We also evaluated the exchange splitting between sin-
glet and triplet exciton states, ∆EST , which is also in-
creased by quantum confinement. Our results (Table I)
show that even the highest value of 21 meV, which occurs
for the thinnest (1 ML) GaN QWs, is comparable to kbT
at room temperature and thus thermal fluctuations can
cause transitions to the radiative singlet state.
To evaluate the radiative properties of atomically thin
GaN QWs, we calculated the bimolecular radiative coeffi-
cient (B) of free carriers and the radiative recombination
lifetimes of excitons (Fig. 3). The B coefficient deter-
mines the radiative recombination rate of free carriers
per unit volume Rrad = dn/dt as a function of carrier
density n according to Rrad = Bn
2. Since the calculated
B coefficient depends on the simulation-cell size we com-
pute the areal coefficients B2D = B/L (L is the supercell
period) as a function of sheet carrier density n2D = nL,
which are independent of simulation-cell size. From the
coefficients we also determine the free-carrier radiative
lifetime by τ = 1/(B2Dn2D) (Fig. 3). To elucidate the
influence of confinement on radiative properties, we focus
on the structures with the thickest AlN barrier for each
GaN QW thickness (shown explicitly in Fig. 1). The B2D
coefficient increases and the radiative lifetime decreases
with decreasing GaN QW thickness, demonstrating in-
creasing radiative recombination rates by stronger quan-
tum confinement (Fig. 3a), and the associated increased
electron-hole wave function overlap |F |2. Moreover, at
degenerate carrier densities (higher than 1013 cm−2) the
coefficient becomes a 1/n function of the density and the
lifetime becomes constant due to phase-space filling.18
with a value on the order of nanoseconds.
Excitons, which we predict to be stable at room tem-
perature in atomically thin GaN QWs, display fast ra-
diative recombination at low density. We calculated the
radiative excitonic lifetimes from our BSE results and
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FIG. 3. (Color online) (a) Bimolecular radiative recombi-
nation coefficients (B2D) and (b) radiative lifetimes of free
carriers and excitons at 300 K in atomically thin GaN QWs
as a function of sheet carrier density and well thickness. B2D
decreases and the radiative lifetime increases as GaN well
thickness increases due to the decreasing electron-hole wave
function overlap by the polarization field. Exciton radiative
lifetimes are on the order of nanoseconds and up to several
orders of magnitude shorter than those of free carriers. Ex-
citons dissociate at densities above the Mott critical value at
approximately 1013 cm−2.
report the intrinsic bright exciton lifetime at zero tem-
perature τoex as well as the thermally-averaged effective
lifetime at 300 K τex(300 K) (Table I). The 0 K intrin-
sic lifetimes are approximately 0.6 picoseconds, which are
similar to calculated values in monolayer transition metal
dichalcogenides.20 The thermally averaged lifetimes at
300 K range from 1.23 to 3.01 nanoseconds, which are
intermediate between calculated values for monolayers
and bilayers of free-standing 2D GaN29 and comparable
to experimentally measured exciton lifetimes in 1.1 nm
thick InGaN QWs (3–5 nanoseconds).30 These exciton
lifetimes of a few nanoseconds are several orders of mag-
nitude shorter than free-carrier lifetimes at low carrier
density (Fig. 3b) and independent of the free-carrier den-
sity due to the bound electron-hole pairs in excitons.30
Carriers in bound exciton states experience a character-
istic effective density equal to the exciton wave function
evaluated at zero electron-hole separation, |ψ(0)|2.31 To
understand the origin of the exciton radiative lifetimes,
we evaluated the exciton wave function in atomically thin
GaN QWs from our BSE results by inserting the e−1 ra-
dius of the exciton envelope function, rex, (Fig. 4) into
the ground-state solution of the two-dimensional hydro-
gen atom32 as |ψ(0)|2 = (2pir2ex)−1. The resulting ef-
fective densities |ψ(0)|2 and hydrogenic-model radiative
lifetimes, τH
ex
(300 K) = 1/(B2D(300 K)|ψ(0)|2), are given
in Table I. The model results are in excellent agreement
with the values calculated from the explicit evaluation of
4TABLE I. Electronic, excitonic, and radiative recombination properties of atomically thin GaN QWs as a function of QW
thickness: quasiparticle gap (Egap), lowest singlet exciton energy (ES) and binding energy (∆Eb), energy splitting between the
lowest singlet and lowest triplet excitons (∆EST ), electron and hole envelope-function overlap integral (|F |2), exciton radiative
lifetime at 0 K (τ0ex), exciton radiative lifetime at 300 K (τex(300 K)), hydrogenic model exciton lifetime at 300 K (τ
H
ex
(300K)),
bimolecular recombination coefficient of free carriers in the limit of low carrier density at 300 K (B2D(300 K)), exciton wave
function at zero electron-hole separation (|ψ(0)|2), and Mott critical density for exciton dissociation (ncrit).
QW Egap ES ∆Eb ∆EST |F |2 τ0ex τex(300 K) τHex(300 K) B2D(300 K) |ψ(0)|2 ncrit
width (eV) (eV) (meV) (meV) (ps) (ns) (ns) (10−5cm2/s) (1012cm−2) (1012cm−2)
1 ML (0.26 nm) 5.443 5.243 214 21 0.88 0.66 1.23 1.51 8.64 7.64 12.0
2 MLs (0.52 nm) 4.687 4.500 199 14 0.79 0.56 1.42 2.09 6.32 7.58 11.9
3 MLs (0.77 nm) 4.253 4.094 169 8 0.67 0.63 1.94 2.95 4.85 7.00 11.0
4 MLs (1.03 nm) 3.993 3.858 143 4 0.55 0.80 3.01 4.41 3.82 5.93 9.32
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FIG. 4. (Color online) The electron part of the squared
exciton wave function in a 1 ML GaN QW. Top: three-
dimensional isosurface plotted within the crystal structure.
Bottom: one-dimensional plot of the variation of the exciton
wave function within the QW plane. The perpendicular di-
rections have been integrated. The exciton is strongly bound
and highly localized (exciton radius of 1.44 nm at e−1 ≈ 0.368
of |Ψ|2 peak) due to the strong electron-hole interaction in-
troduced by the extreme confinement in the atomically thin
well.
excitonic lifetimes, τ
ex
(300 K), and explain the origin of
the nanosecond lifetimes.
While excitons are thermally stable if the characteris-
tic thermal energy kbT does not exceed the binding en-
ergy, they dissociate into an electron-hole plasma if the
carrier density exceeds the Mott critical value,33 given
in 2-dimensions by ncrit = (2rex)
−2. The exciton Mott
critical values in atomically thin GaN QWs are approxi-
mately 1013 cm−2 (Table I), which are lower than typical
operating conditions in LEDs.
Atomically thin GaN QWs are promising for highly ef-
ficient deep-UV optoelectronics. GaN wells with a thick-
ness of only a few atomic MLs subject electrons to ex-
treme quantum confinement, increasing the band gap
into the deep UV, as well as increasing the spatial overlap
of electron and hole wave functions along the polar direc-
tion. Increasing the gap with confinement preserves the
TE ~E ⊥ c light-emission polarization, which facilitates
light extraction in c-plane devices and resolves one of
the problems suffered by high-aluminum-content AlGaN
alloys.3,34 However, the advantages of atomically thin
GaN are more evident when considering the role of ex-
citons. Since extreme confinement increases the exciton
binding energy, excitons are stable against thermal dis-
sociation at room temperature and dominate recombina-
tion processes. Excitonic effects simultaneously increase
the Auger recombination rate.30 However, the simulta-
neous increase of the radiative and Auger recombination
rates by equal amounts is beneficial for the high-power
efficiency of LEDs since faster recombination rates reduce
the steady-state carrier density and thus the fraction of
carriers that recombine via the Auger process. We also
anticipate that the Auger coefficient in atomically-thin
GaN QWs is lower than in nitride alloys because alloy-
scattering-assisted indirect transitions, which are impor-
tant in InGaN alloys,35 are absent in binary GaN and
may be the reason underlying the high reported efficien-
cies of LEDs with atomically thin GaN active regions.9,10
We therefore expect that the increased recombination
rates by exciton formation may prove beneficial for the
efficiency of atomically thin GaN-based deep-UV LEDs
compared to AlGaN alloys.
In conclusion, we investigated the electronic, excitonic,
and radiative properties of atomically thin GaN/AlN
QWs from first-principles calculations. We demonstrate
that extreme quantum confinement shifts the band gap of
GaN into the deep-UV and increases the exciton binding
energy up to 215 meV, stabilizing excitons against ther-
mal dissociation at room temperature. Excitons have
short radiative lifetimes on the order of nanoseconds,
which dominates over nonradiative processes, especially
in the low-carrier-density regime. Our results indicate
that atomically thin GaN QWs can achieve TE-polarized
deep-UV light emission with higher internal quantum ef-
ficiency than AlGaN QW devices.
See supplementary material for detailed band struc-
tures of the atomically thin (1-4 MLs) GaN well struc-
tures in Fig. 1.
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FIG. S1. (Color online) Band structure of a superlattice consisting of a GaN quantum well with
a thickness of 1 monolayer and an AlN barrier with a thickness of 9 monolayers.
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FIG. S2. (Color online) Band structure of a superlattice consisting of a GaN quantum well with
a thickness of 2 monolayers and an AlN barrier with a thickness of 8 monolayers.
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FIG. S3. (Color online) Band structure of a superlattice consisting of a GaN quantum well with
a thickness of 3 monolayers and an AlN barrier with a thickness of 7 monolayers.
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FIG. S4. (Color online) Band structure of a superlattice consisting of a GaN quantum well with
a thickness of 4 monolayers and an AlN barrier with a thickness of 6 monolayers.
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